Purpose Craniopharyngiomas remain a challenging entity for neurosurgeons because of their deep-seated, midline location, and intimate relationship with critical neurovascular structures. With high long-term survival rates, patients with craniopharyngioma are likely to experience significant late morbidity related to both disease and therapy. Method and results In this paper, we present two cases of late vascular complications after multi-modal treatment of craniopharyngioma.
Introduction
Craniopharyngiomas account for 5-10% of childhood brain tumors. They are histologically mostly benign, although malignant transformation exists, tumors that arise in the suprasellar region and often affect young patients [1] . Craniopharyngiomas remain a challenging entity for neurosurgeons because of their deep-seated, midline location and intimate relationship with critical neurovascular structures. With high long-term survival rates, patients with craniopharyngioma are likely to experience significant late morbidity related to both disease and therapy. In this paper, we present two of our pediatric cases with childhood-onset craniopharyngioma and development of vascular conditions mandating surgical intervention.
Historical background
The first reported description of a craniopharyngioma was published in 1857 and the first successful surgical resection of a craniopharyngioma was performed in 1909. For a long period of time, the surgical mortality remained high, according to Harvey Cushing around 14.6% in 1932. Subsequent reports before 1950 quoted mortality rates between 22 and 41%. The first article reporting vascular complications after craniopharyngioma surgery was a paper reporting cases of carotid artery laceration, vasospasm, and delayed aneurysmal dilatation of the carotid artery [2] . After that, a few case reports have been released but the subject of vascular complications after surgical treatment of craniopharyngioma has not received a lot of attention.
Clinical presentation
The suprasellar region is surrounded by the carotid arteries, the basilar artery, and branches of both. This proximity to major vessels makes the area particularly vulnerable and there is a high risk of cerebrovascular disease after treatment. Cerebrovascular abnormalities have been attributed to both radiotherapy (RT) and the surgery itself [3] . The clinical presentation depends on whether vascular abnormalities result in overt symptoms. Vascular malformations can develop without symptoms and be discovered in routine radiological follow-up as well as present with symptoms of ischemic stroke or hemorrhage [4] .
Early vascular complications
Vascular laceration, arterial occlusion, and arterial vasospasms (sometimes causing infarctions) have been described after transcranial and transsphenoidal surgeries [2, 5, 6] . The importance of subclinical injury to the carotid artery especially in the development of fusiform dilatations of the carotid is well described in the literature [2] . It has been speculated that the development of fusiform dilatations could be caused by a focal arterial wall weakening after dissection of the tumor and that it might be a consequence of injury to the vasa vasorum and that it is more common among centers that aim for total resection [2, 7] . Radiographic abnormalities in the arterial structure have been described to occur as early as 6 to 12 months after craniopharyngioma surgery [2] .
However, there is still no certain way to predict which patients will develop late vascular complications.
Late vascular complications
Radiation has been shown to decrease the recurrence rate of craniopharyngioma to 21% [8] . This benefit comes at a high price since the radiation itself is known to cause neurocognitive and neuropsychological impairments [8] [9] [10] . Radiation has also been described to induce vascular injuries such as degeneration of internal elastic tissue, endothelial damage, and degradation of the vascular wall [1] . The first cases of radiation-induced vasculopathy were reported in 1967 and since then more than 50 cases have been reported [3, 11] .
Proton beam therapy has been used increasingly to craniopharyngiomas, and radiation-induced large vessel cerebral vasculopathy has been reported in a few patients. A recent study states the incidence of vasculopathy to be approximately 6.7% and that the median time to development is 1.5 years [12] . Whether there is a difference between the long-term incidence of vasculopathy after proton beam therapy compared with that of photon radiation still remains unclear.
The development of fusiform dilatations on the internal carotid artery after surgical removal of craniopharyngiomas is well described [2, 3, 7, 13, 14] . One paper describes the fusiform dilatation in as many as 29% of patients younger than 18 years who have undergone surgery for craniopharyngioma [2] This has later been contradicted by a large multicenter material that states that fusiform dilatations of the carotid occur in 2.4% of surgically treated childhood-onset adamantinomatous craniopharyngioma [14] . Fusiform dilatations have been described to have a low risk for radiographical progress and the indications for therapy of asymptomatic dilatations are still unclear [2, 14] .
Regarding other vascular complications, the development of pseudoaneurysms and aneurysms has been described several years after brain irradiation [3, 15] . Aneurysm development seems less common compared with vascular stenosis development after radiation therapy [15] .
Moyamoya syndrome in children with craniopharyngioma has been described in several cases. Moyamoya disease is an idiopathic disease entity characterized by progressive intracranial occlusion of the anterior circulation followed by the appearance of an abnormal collateral vascular network [1] .
Many studies attribute the moyamoya changes to RT whereas certain papers state there might be a genetic relation [4, [16] [17] [18] . A median latency of 3 years post-RT has been stated [17] . A study on childhood craniopharyngioma in Boston identified moyamoya in 9% of the children who had received RT [19] . A recent review reported a total of 76 pediatric cases with postradiational moyamoya [17] .
Diagnosis
Most of the vascular complications seem to be diagnosed on routine follow-up. Long-term effects in children manifesting as stroke, lacunar lesions, stenosis of the middle cerebral artery, internal carotid artery, anterior cerebral artery, cavernomas, and moyamoya syndrome have been described [1, 15, 17] . MR angiograms should also be included in the routine follow-up, and since many of the vascular complications give strokelike symptoms, the threshold for performing perfusion imaging should be low [13] .
Management
The management of vascular complications of craniopharyngioma should be done in a multi-modal setting and the treatment and the follow-up should be individualized.
Fusiform dilatations have been described to have a low risk for radiographical progress and the indications for therapy of asymptomatic dilatations still seem to be unclear [2, 14] . Due to the expected uneventful clinical course, a conservative approach with radiological follow-ups has been advised [7] . However, a few cases with rapid progression in size have been described. In these nine cases, clipping, endovascular coiling, and bypass surgery have been performed [7, [20] [21] [22] [23] [24] . With the advent of endovascular flow diverters, this approach has gained popularity with promising results [25] .
Postradiation aneurysms seem to have a higher rupture rate; Maruyama et al. state it to be as high as 71%, with the rupture being fatal in 67% of the cases [26] . In these cases, a more proactive attitude towards treatment is warranted.
In cases of moyamoya syndrome, a direct or indirect surgical revascularization should be considered.
Prognosis and outcomes
Morbidity after craniopharyngioma surgery is significant, often due to hypothalamic injury, and the risk of recurrence has been described to be as high as 27%, often prompting the need for repeated interventions. Up to 30% of pediatric craniopharyngioma patients have been described to have vascular abnormalities [13] . In general, patients with craniopharyngioma have a higher cardiovascular mortality in comparison to the general population [14] . In addition, the metabolic syndrome often prevalent among patients with childhood-onset craniopharyngioma also increases the risk of cerebrovascular events [2] .
Furthermore, patients with craniopharyngioma treated with RT experience a high rate of stroke compared with the normal population [15, 27] . The rates of vascular abnormalities and stroke increase with time after RT [15] . The cumulative incidence of moyamoya syndrome after RT for brain tumors has been described to be 14.8% at 7 years of disease [17] . These numbers are consistent with a Korean study stating a crude incidence of post-RT moyamoya syndrome of 13.3% [28] .
The long-term prognosis of pediatric vascular complications of craniopharyngioma is uncertain. Individualized treatment and follow-up plans seem essential in the management of these patients.
Patient cases

Patient 1
Our patient is a young girl born in 1998, who at the age of 5 was diagnosed with a cystic craniopharyngioma causing secondary obstructive hydrocephalus (Fig. 1a ). She underwent a transnasal endoscopic fenestration of the cyst and the residual solid component was treated with a single fraction Gamma Knife lesion in 2004. After the RT, she was doing well, attending normal level school, having a normal vision and normal hormonal balance.
Seven years later, a routine follow-up MRI revealed a tumor progression and she was given proton beam irradiation of 54 Gy. Despite the irradiation, a cystic progression was noted the following year and another transnasal endoscopic cyst fenestration was performed.
Two years later, yet another cystic progression was detected. An Ommaya reservoir was placed stereotactically into the cyst via Kocher's point and the right lateral ventricle, to start intracystic interferon-alpha treatment. She developed an unusual adverse effect to this treatment and experienced a sudden visual impairment. An acute MRI showed chiasmatic edema (Fig. 1b) . This complication, possibly linked to interferon, has been described by us in a previous publication [29] . Since a pre-treatment leakage test was performed without any signs of leakage outside the cyst, it is possible that the symptoms could be due to a late postradiational effect. Alternatively, an allergic/inflammatory response to the preservative metacresol could be considered. Meta-cresol is a preservative that has been linked to both local and systemic allergic reactions and to local inflammatory reactions in muscle tissue. Eventually, her vision improved slightly, but the visual acuity remained worse compared with that before the start of the intracystic treatment.
At the age of 17, 12 years after the initial diagnosis, she developed a sudden headache. MRI imaging including MRA described a fusiform aneurysm at the superior part of the right carotid siphon (Fig. 1c) . A contrast enhancement in the vessel wall was visible and due to this, a vasculitis treatment was initiated. Follow-up MR imaging revealed an unchanged picture despite the steroid treatments. Over the course of 8 months, a slight growth of the aneurysm was noticed, and the patient was treated with an endovascular flow diverter ( Fig. 1d-f ). Ten months later, a new conventional angiography revealed a persistent contrast circulation in all of the aneurysm. Six months later, she was retreated with a SILK 4 × 30 flow diverter in the carotid siphon and coils in the cranial part of the fusiform aneurysm. The most recent follow-up, digital subtraction angiogram (DSA) 6 months after treatment shows a slight reduction of the aneurysm. She is scheduled for a new follow-up with MR angiogram within 6 months.
Patient 2
Our second patient is a girl born in 2006. She was diagnosed with a cystic craniopharyngioma at the age of 7 (Fig. 2a ). She initially underwent an endoscopic cyst puncture via a frontal burr hole. The procedure had to be repeated 3 weeks later due to insufficient fenestration. The solid tumor components were removed via transsphenoidal endoscopic surgery. Due to postoperative leakage of cerebrospinal fluid, she underwent two revision surgeries. During the immediate postoperative period, the clinical status indicated possible vasospasm. A DSA was performed and presented a normal appearance of the right carotid siphon and middle cerebral artery (Fig. 2b) .
Follow-up MRI revealed a progress in cyst sizes and a stereotactic gamma knife lesion was performed 1 year after the initial diagnosis.
At the age of 10, 3 years after the initial diagnosis, she developed intermittent dysarthria as well as left-sided hemidystonia. MRI including MRA and MR perfusion revealed a right-sided carotid stenosis and a vascular pattern resembling moyamoya syndrome (Fig. 2c ). The MR perfusion visualized reduced blood flow in the right hemisphere. A DSA revealed a complete occlusion of the right carotid artery and vascular supply from choroidal collateral vessels (Fig. 2d, e ). The girl underwent a right-sided temporal artery pial synangiosis in an uneventful procedure. Postoperatively, she displayed a contralateral hemiparesis and computed tomography could verify a hemorrhagic infarction in the left thalamus (Fig. 2f ). This infarction is believed to have been caused by blood pressure fluctuations during anesthesia and surgery. Today, 18 months after the surgery, she has recovered from her hemidystonia but still suffers impaired sensibility in her left side.
Summary
We present two pediatric cases of late vascular complications after multi-modal treatment of craniopharyngioma and review the relevant literature. Available data suggest that pediatric patients with craniopharyngioma represent a particularly vulnerable group. Several factors seem to interact to increase the risk of vascular complications. These include the relative vulnerability of the vessel wall in young patients, the proximity of craniopharyngiomas to the circle of Willis, and repeated exposure of the vessels to potentially harmful treatments including surgery and radiation therapy. More research is needed to elucidate the key steps in the progression of late vascular injury. Nonetheless, the development of late vascular complications in pediatric craniopharyngioma presents a formidable clinical challenge. Clinicians need to reflect on their choices of treatment and be vigilant to the possibility of late vascular complications.
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